An endogenous ouabainlike compound (OLC) has been purified from human plasma, and mass spectrometry has shown it to be indistinguishable from plant-derived ouabain. This human OLC was tested for its effects on evoked tension in guinea pig left atria and aortic rings. The tissues were incubated at 37°C in bicarbonate-buffered physiological salt solution gassed with 95% O]-5% CO 2 . In atria stimulated electrically at 1 Hz, 85 and 170 nM human OLC increased peak active force to 177±15% and 313±32% of control, respectively (n=3), with little effect on the duration of contraction. On washout of the OLC, peak systolic force returned to the control level with a half-time of 4.3 ±0.5 minutes. Similar results were obtained with 160 nM plant-derived ouabain: peak systolic force increased to 310±31% of control (n=4) 2 These responses appear to be due to a secondary rise in cell calcium mediated by the sarcolemmal sodium/calcium exchanger,^3 because the cardenolides directly inhibit the sarcolemmal sodium pump 3 and thereby raise intracellular sodium in the cardiac and vascular myocytes.
C
ardenolides of plant origin have a positive inotropic effect on cardiac muscle 1 and augment vasoconstriction in vascular smooth muscle. 2 These responses appear to be due to a secondary rise in cell calcium mediated by the sarcolemmal sodium/calcium exchanger,^3 because the cardenolides directly inhibit the sarcolemmal sodium pump 3 and thereby raise intracellular sodium in the cardiac and vascular myocytes.
An endogenous ouabainlike compound (OLC) now has been isolated from human plasma. 4 It is isomeric with and similar to plant-derived ouabain in its molecular structure 56 and biochemical action on the sodium pump. 47 Whether or not this human OLC also has cardiotonic and vasotonic effects similar to plant-derived ouabain has not been determined previously and is the subject of this report.
Methods Tissues
Left atria and aortas were obtained from guinea pigs weighing 250-300 g. The animals were stunned by a blow to the head and killed by decapitation; the chest then was rapidly opened, and the heart and great vessels were removed. The left atrium or the aorta was carefully dissected free from surrounding tissue, and the atrium or a ring (2-3 mm long) of aorta was mounted between two platinum hooks in a 1.0-ml organ bath. One hook was anchored to the bottom of the organ bath, and the other was connected to a force transducer. In experiments on the left atrium, the anchoring hook also served as a stimulating electrode. KC15.4, CaCl 2 1.8, MgCl 2 1.0, NaH 2 PO 4 0.4, NaHCO 3 19, and glucose 5.4. The PSS was gassed continuously with 95% Oj-5% CO 2 to maintain pH at 7.3-7.4. The aortic rings were activated with 0.2-1.0 piM histamine (Sigma Chemical Co., St. Louis, Mo.), which was added from a fresh aqueous 0.1 mM stock solution directly to the PSS in the tissue chamber, as described in "Results." Both plant-derived ouabain (a gift from SIMES, Milan, Italy) and purified human OLC 4 were dissolved in sufficient distilled water to provide stock solutions of 100 and 8.55 JAM, respectively. Regrettably, only 1.0 /xg of the human OLC was available for these experiments. Small aliquots of the stock solutions were added directly to the 1.0 ml of PSS in the tissue chamber; mixing was rapid because of the agitation produced by the small gas bubbles that entered from the bottom of the chamber through a fritted glass plate.
Stimulation and Recording
The guinea pig left atria were stimulated at 1 Hz with twice-threshold square pulses of 0.8-1.0-V intensity and 0.7-1.2-msec duration, using a model S88 stimulator (Grass Instrument Co., Quincy, Mass.). Resting (preload) tension was optimized for slightly submaximal isometric force by generating a Starling (length-tension) curve for each preparation. Isometric force was measured with a model TRB/200/2 force transducer (Battaglia-Rangoni, Bologna, Italy) and recorded on a BattagliaRangoni model KV 220 strip chart recorder. The preload tension for the atria ranged between 300 and 500 mg. Control records were obtained after the force was stabilized (usually within 30-60 minutes after the tissue was mounted).
For the aortic rings, resting (baseline) tension was set at 1,000-1,500 mg so as to give an optimal force response with a submaximal dose of histamine (0.2-1.0 /AM). After the baseline was established, the rings were stimulated with histamine (by adding aliquots of the stock solution directly to the PSS in the organ bath) for 7-minute periods separated by 35-minute washout periods in PSS alone.
Statistics
Student's t test for paired or unpaired data was used when appropriate to determine the significance of differences between means. Figure 1 shows data from an experiment in which the effect of human OLC was tested on the active tension in a guinea pig left atrium electrically driven at 1 Hz. Once the peak active tension reached a steady level (control), an aliquot of human OLC stock solution was added to the PSS in the tissue bath to give an OLC concentration of 85 nM. Peak active tension then rose toward a steady level over a 34-minute period. The concentration of human OLC in the bath then was increased to 170 nM, and peak active tension rose toward a new steady level over the next 24 minutes. The effect was reversible and repeatable; when the OLC was washed out, the peak active tension returned to the control level with a half-time (toj) of approximately 3.5 minutes ( Figure  2 ). Readdition of 85 nM human OLC again augmented the contraction (Figure 1 ). Data from this experiment and two similar experiments are summarized in Table 1 (atria [1] [2] [3] . In addition, we tested the response of much higher concentrations of hu- man ouabain in one other guinea pig atrial preparation and also observed a large positive inotropic response. When the peak tension data for washout of OLC ( Figure 2A ) were plotted on semilogarithmic coordinates ( Figure 2B ), the data fit a straight line with a toj of 3.5 minutes and an off rate constant of 0.2 min" 1 . These results imply that the cardiotonic action of OLC in the atria is due to binding of the OLC to a single class of sites, presumably on the sodium pump.
Results

Comparison of the Effects of Human Ouabainlike Compound and Plant Ouabain on Guinea Pig Left Atria
The positive inotropic effect of the human OLC was associated with an increase in the rates of rise and fall of tension. As illustrated in Figure 1C and Table 1 , the maximal rates of force development during contraction and relaxation -(dF/dt)^, (contraction and (dF/dt)^ (relaxation), respectivelyboth increased substantially. However, as seen in Figure IB , human OLC had little effect on the time to peak tension or the duration of contraction. These data and ( d F / d t^ data from two other similar experiments also are summarized in Table 1 .
For comparison, Figure 3 shows tension and dF/dt records from a guinea pig left atrium exposed to 160 nM plant ouabain. As seen here and in the data summarized in the lower part of Table 1 (atria 4-7), the positive inotropic effect obtained with 160 nM plant ouabain is very similar to that obtained with 170 nM human OLC (atria 1-3). Indeed, there is no significant difference between the two mean %C values, that is, the maximum peak active tension observed with 170 nM human OLC and with 160 nM plant ouabain expressed as percentages of the respective control values. The increase in mean normalized dF/dt values for both contraction and relaxation observed with plant ouabain also are very similar to the corresponding values obtained with human OLC; neither agent had a detectable effect on the time to peak tension. Moreover, both plant ouabain and human OLC washed out rapidly; in both cases, recovery to.j was shorter than 5 minutes (see Table 1 ).
The key observations on maximal active force development for both human OLC and plant ouabain are summarized in Table 1 . These data indicate that the two agents have qualitatively and quantitatively similar effects on the guinea pig left atrium.
Comparison of the Effects of Human Ouabainlike Compound and Plant Ouabain on Guinea Pig Aortic Rings
The action of human OLC on the vasoconstrictor response evoked by 1.0 fiM histamine in a ring of guinea pig aorta is illustrated in Figure 4 . The upper record shows one of the three control responses to histamine, that is, the response in the absence of OLC; these three 7-minute exposures to histamine were separated by 35-minute washout periods in PSS. After washout of histamine following the third control response, the ring was exposed to 170 nM human OLC for 30 minutes, and the tissue again was activated with 1.0 /xM histamine. The middle record shows that human OLC augmented the histamineevoked contraction by approximately 66%. The histamine and human OLC then were washed out with PSS for 35 minutes, and the tissue was reexposed to histamine. Note that in this experiment, there was little evidence of a return to the pre-OLC histamine response.
Data from this and three other, similar experiments are summarized in the upper part of Table 2 (aortic rings 1-4). On average, 170 nM human OLC increased the histamine-evoked tension by approximately 56% (i.e., to 156% of control). The washout of the effect of human OLC was variable. Nevertheless, it was apparent that the washout was much slower and less complete than the corresponding effect in the atria (Figure 2 and Table 1 ).
Very similar results were obtained when plant ouabain was used. This is illustrated by the data in OLC, ouabainlike compound; toj, time for active tension to return half-way back to control level after washout of OLC or plant ouabain (see Figure 2) ; ND, not determined.
•Peak active tension evoked in atria electrically paced at 1 Hz tSteady maximal peak active tension expressed as milligram force and as percent of control (%C). Maximal rates of force development dunng contraction (Con) and relaxation (Rel) expressed as percent of respective control values. §Mean values for human OLC and plant ouabain are not significantly different (p>0 05; Student's unpaired t test). However, both human OLC (85 and 170 nM) and plant ouabain (160 nM) significantly increased active tension and (dF/dt) m for both contraction (Con) and relaxation (Rel) above the respective control levels (p<0.05 in all cases; Student's paired t test) Figure 5 and Table 2 . In vascular smooth muscle, as in the heart (Table 1) , the augmentation induced by 160 nM plant ouabain was, on average, slightly but not statistically smaller than that induced by 170 nM human OLC. Like human OLC, plant ouabain was difficult to wash out of at least some of the aortic rings (see Figure 5 and Table 2 ).
Discussion
We have characterized the actions of an OLC purified from human plasma on guinea pig left atria and aortas. This OLC has a molecular weight identical to plant-derived ouabain, and its acetylated derivatives are indistinguishable from those of plantderived ouabain on fast atom bombardment mass 
Human Ouabainlike Compound Augments Active Tension in Guinea Pig Atria
Human OLC had a positive inotropic effect on the left atrium that was qualitatively and quantitatively comparable to the effect of plant-derived ouabain. Both substances increased the rate of rise and rate of fall of electrically activated atrial tension without significantly altering the contraction duration.
The effects of OLC appeared to be dose dependent, but more complete dose-response curves could not be obtained because of the limited supply of OLC. The atria rapidly recovered (apparent t^ <5 minutes) when both the human OLC and plant ouabain were washed out; indeed, the rate constant for washout of OLC from the atria (0. 1112 In fact, a digitalislike substance has been postulated to play a key role in the pathogenesis of some forms of hypertension, including some essential hypertension.
913 - 16 Therefore, it was important to determine whether human ouabain also had an effect on vascular smooth muscle.
Indeed, we found that the effects of human OLC on aortic rings also were qualitatively and quantitatively comparable to the effects of plant ouabain. Both agents increased the histamine-evoked contraction (on average, to approximately 156% and 143% of control histamine-evoked responses, respectively) without affecting the resting (unstimulated) tension. We assume that inhibition of the sodium pump by OLC and plant ouabain did increase the intracellular sodium concentration and thereby promoted calcium entry via sodium-calcium exchange in the unstimulated rings. 12 The lack of effect of these agents on resting tension then may be attributed to sequestration, in the sarcoplasmic reticulum, of most of the entering calcium 12 -17 (i.e., "calcium buffering"), so that the contraction threshold was not exceeded when these relatively low concentrations of OLC and plant ouabain were used.
The augmented histamine-evoked responses are qualitatively comparable to the augmented vasoconstrictor-evoked responses induced by sodium pump inhibition with plant ouabain or potassium-depleted media in rat and rabbit arteries, 2 -8 and to the augmented vasoconstrictor-evoked tonic tension responses induced by plant ouabain in human resistance arteries. 10 Plant ouabain shifts the vasoconstrictor dose-response curve toward lower vasoconstrictor concentrations without significantly altering the maximal vasoconstrictor-evoked tension. 2 Parallel studies with the calcium-sensitive fluorochrome fura-2 suggest that the augmented contractile responses are likely due to the increased availability of calcium to activate contraction, because inhibition of the sodium pump raises intracellular sodium, and this then leads to an increase in intracellular calcium as a result of sodium/ calcium exchange. 2 Recovery of the control histamine response, after washout of both human OLC and plant ouabain, was much slower in the aortic rings than in the cardiac atria, and was, on average, less than 50% complete in 35 minutes. We previously have observed slow but complete recovery of control vasoconstrictor-activated responses in rings of rat aorta after exposure to plant ouabain (M.P. Blaustein, S. Bova, and X-J. Yuan, unpublished data and Reference 2). It remains to be elucidated whether this difference between the cardiac and vascular preparations is due to the greater thickness of the aorta or to differences in the ouabain receptors (sodium pumps) in these two tissues. However, there is a precedent for plant ouabain washout rate differences as high as 50-fold in different tissues from the same animal 8 ; this might be due to the presence of different Na + ,K + -ATPase isozymes in the different tissues. 18 The slow washout of these substances from the aortic rings suggests that OLC may play an important, continuous role in the vasculature, even though plasma levels of OLC may fluctuate.
Significance of These Findings
Our observations on the augmentation of vasoconstrictor-evoked contractions (i.e., the vasotonic effect) by human OLC are particularly pertinent in light of the evidence that cardiotonic steroids enhance vascular contractility in normal humans, 19 and that many subjects with essential hypertension have elevated levels of a circulating inhibitor of the sodium pump.
-
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- 21 Also, patients with essential hypertension 21 and primary aldosteronism 22 have elevated plasma levels of a substance with ouabainlike immunoreactivity. In all of these patients with established hypertension, the levels of the ouabainlike immunoreactivity and of the sodium pump inhibitor can be directly correlated with blood pressure. Also, in the primary aldosterone patients, the level of the ouabainlike immunoreactivity and the blood pressure were reduced after removal of the adrenal adenomas. 22 Furthermore, in heminephrectomized pigs treated with deoxycorticosterone acetate, the plasma level of the sodium pump inhibitor rises markedly before the blood pressure goes up. 23 These observations, coupled with the data in the present report, fit with the idea that human OLC may play a role in the pathogenesis of hypertension and may, in fact, lead to the elevation of blood pressure as a consequence of its vasotonic action. The OLC used in these studies was isolated and purified from human plasma. Its chromatographic characteristics on high-performance liquid chromatog-raphy are indistinguishable from those of plant ouabain, and OLC and ouabain bind to Na + ,K + -ATPase in a very similar fashion. 4 The molecular ions, daughter fragments, and acetylated derivatives of OLC and plant ouabain are indistinguishable by fast atom bombardment mass spectrometry. 5 Furthermore, polyclonal antibodies raised against plant ouabain exhibit full crossreactivity with OLC. 24 Finally, our observations show that human OLC and plant ouabain induce qualitatively and quantitatively similar cardiotonic and vasotonic effects in guinea pig left atria and aortas, respectively. The sum of these observations suggest very strongly that human OLC is ouabain.
